Abstract Growing evidence suggests that lower socioeconomic position (SEP) communities may be more susceptible to environmental exposures. SEP, however, represents a complex mix of social and environmental exposures accumulating over the lifecourse, and those components that most impact susceptibility remain undetermined. One plausible hypothesis is that the chronic psychological stress associated with stressors in many lower-SEP communities (e.g., housing instability, food insecurity, fear of violence) may lead to altered immune, endocrine, and metabolic function. These alterations, together with environmental exposures, may ultimately contribute to increased risk of developing a variety of chronic diseases.
Introduction
Growing evidence indicates that lower-income communities and communities of color may be more susceptible to environmental exposures, including air pollution [1] , industrial emissions [2] , agricultural hazards [3] , and lead (Pb) [4] . Such studies frequently characterize these communities according to socioeconomic position (SEP), which represents a complex mix of social and environmental exposures accumulating over the lifecourse. Although a rich literature examines the utility of various SEP indicators (e.g., income, education) in predicting health outcomes [5] , fewer studies aim to identify those specific "causal components" of SEP that lead to poor health or heightened susceptibility to physical environmental agents [6] [7] [8] . Accordingly, there have been recent calls for directed research to identify which aspects of SEP most contribute to poor health outcomes [8] .
Epidemiologic and toxicologic evidence suggests that chronic psychological stress may modify susceptibility to pollution, and growing evidence documents greater stressor exposures, and more frequent stress response, among lower-SEP populations [9, 10] . Thus, the chronic stressors associated with low SEP-which may include exposure to housing instability, food insecurity, fear of violence, and other challenges-may be an important component of why lower-SEP individuals seem to be more vulnerable to environmental exposures. Nonetheless, relatively few studies of SEPrelated susceptibility to environmental exposures have examined the potential role of chronic stress as a key component.
Clearer insight into which specific components of SEP may magnify physiologic susceptibility to pollution is needed to produce more informed epidemiological analyses and to design more effective interventions. Here, we consider that portion of SEP-related pollution susceptibility that is due to effects of chronic stress, versus other material aspects of SEP such as material deprivation or poor housing. We do so by systematically reviewing recent evidence (since our last review in 2009 [11] ) on the interplay between SEP-and chronic stress-related susceptibility to pollution in relation to health, to determine first what is currently known, and then to identify critical gaps in our understanding. Because this area of research is relatively new, we concentrate on the two chemical exposures examined by the majority of the studies in our previous review-outdoor air pollution and Pb-enabling comparisons of methods and results across studies focused on similar exposures. We include recent findings on common patterning (i.e., spatial correlation) between social stressors and chemical exposures, and discuss methodological needs to facilitate disentangling health effects of non-chemical and chemical stressors. Finally, we briefly discuss the implications of disentangling SEP-and stress-related susceptibility for cumulative risk assessment (CRA).
Background: Chronic Stress and Stress Measurement
Chronic stress is characterized by recurrent acute stress, or the inability to ameliorate acute stress responses [12] . Hans Selye (1946) [13] first identified a stress-related biological response and characterized it as "non-specific susceptibility". It is now known that chronic stress and associated negative emotional states (e.g., anxiety, anger) can initiate a cascade of immune and neuroendocrine processes, normally starting with activation of the hypothalamic-pituitary-adrenal axis and sympathetic nervous system, which then lead to alterations in endothelial function, production of proinflammatory cytokines, and altered autonomic function. A substantial body of literature is currently available exploring the multiple physiologic mechanisms through which chronic stress leads to alterations in immune, endocrine, and metabolic function [12, [14] [15] [16] [17] .
The term 'stress' can refer to a number of interdependent aspects of the stress experience, as elucidated under stress process theory [18] . A stressor is the event or condition posing a threat or challenge. Stress appraisal refers to how one evaluates or appraises the stressor. Stress is the perception that demands exceed one's resources and capacity to cope with those demands [19] . Stress response refers to the psychological, behavioral, and/or physiological sequelae which follow a negatively-appraised stressor. These aspects of stress experience are interdependent; a stressor appraised as nonthreatening generally produces no stress response. The best stress assessments measure all facets of this process; however, this is rarely feasible, and instead most studies measure exposure to a strong chronic stressor, typically one unlikely to be positively appraised (e.g., violence). Some studies have used measures focusing on later stages of the stress process, including negative emotional responses (e.g., anxiety, depression) [20] [21] [22] or biomarkers of cumulative physiologic wear and tear [12, 23] .
There is great interest in identifying biomarkers of chronic stress. To date, however, there is no agreed-upon biomarker that can reliably indicate whether an individual is experiencing chronic stress. In the absence of a gold-standard measure, studies have variously used single-item indicators of inflammatory effects [e.g., C-reactive protein (CRP)], diurnal cortisol rhythms, measures of autonomic function (e.g., blood pressure or heart rate variability), or composite measures of dysregulation across multiple systems designed to indicate cumulative physiologic wear and tear (e.g., allostatic load) [12] . A challenge for all of these measures is that, when considering possible synergistic effects of both stress and chemical exposures, the hypothesized pathways (and hence the relevant biologic measures) may be impacted by both types of exposures-possibly limiting the ability of stress biomarkers to disentangle the impacts of these very different exposures. A second issue is that many of the biomarkers or biomarker composites that are used as direct measures of stress are in fact comprised of pre-clinical risk factors for disease. As a result, they may be capturing downstream effects of perceived stress, rather that solely reflecting its occurrence per se. Thus, it remains a topic of some debate as to whether allostatic load, often measured using a composite of cardiometabolic risk factors including CRP, high-density lipoprotein cholesterol, serum triglycerides, and waist-hip circumference [12, 23] , is indeed an appropriate proxy measure of chronic stress, or rather downstream effects. Given this uncertainty, findings in studies that use allostatic load as a marker of stress per se should be interpreted with some caution.
Methods
We performed a comprehensive literature search in January 2014 for studies from the past 5 years (published since 2009) in PubMed. Search criteria required any of the terms "socioeconomic status", "socioeconomic position", "psychological stress" or "chronic stress", AND any of "fine particles", "PM", "nitrogen dioxide", "NO 2 ", or "Pb". We included air pollutants and Pb in the search terms because virtually all of the relevant research identified in our 2009 review was on these topics. Given substantial international differences in healthcare access, urban structure, and other stressors related to SEP, we limited epidemiological results to those including US data.
Two researchers performed these searches independently, and all resultant papers that reported new empirical results and specifically tested for interactions (not just mutual adjustment) between chronic stress and pollution were selected for review and are presented here, organized as follows: epidemiologic evidence for effect modification by SEP, and by chronic stress; toxicologic evidence for effect modification by chronic stress; and assessment of co-occurrence between SEP or stressors and pollution exposures.
In our previous review, the majority of the studies we found examined air pollutant or chronic Pb exposures. Thus, we focus this review on those two exemplar exposures, though the range of chemical exposures to which this model of stressrelated susceptibility may apply is undetermined, and may include non-environmental exposures, including the common cold virus [26] or psychotropic drugs [27] . Finally, we focus here on results related to physical health outcomes, including respiratory and cardiovascular disease, and mortality, but note hypothesized synergistic effects on behavioral, mental health, and cognitive outcomes [24] .
Results

Epidemiologic Evidence for Effect Modification by Socioeconomic Position (SEP)
Since 2009, a somewhat richer literature has examined synergistic effects of pollution and SEP, though we found more epidemiologic studies testing SEP interactions for air pollution (n=6) than for Pb (n=1). One recent review, aimed at identifying the range of evidence-supported modifiers of particulate matter (PM)-related health effects, found mixed evidence of effect modification by SEP [29] . A subsequent metaanalysis-limited to short-term PM exposure effects on hospitalizations and mortality, and examining only four a priori hypothesized modifiers (SEP, age, race, and sex)-likewise reported mixed results for SEP [30•] . The authors found suggestive evidence of heightened PM susceptibility in lower-SEP strata (variously defined as low community-level mean education or income, higher poverty rates, or lower individual-level income or occupational class), noting possible differential misclassification across indicators. They offered several possible explanations, including healthcare access, baseline health status, occupational exposures, and nutrition, and noted that SEP may not be independent of age, race, and sex, the other three modifiers considered. To more clearly identify those aspects of SEP driving susceptibility, each of the studies represented in these reviews would require detailed data on those possible explanatory variables, including psychosocial stress, which does not yet exist in most large administrative datasets.
Outside these reviews, we found two additional studies of interaction effects on mortality-one time series and one casecrossover-reporting mixed results for SEP-related susceptibility to acute air pollution exposures ( Table 1 ). The APHENA (Air Pollution and Health: a European and North American Approach) studies included data from 15 US cities, finding higher PM 10 (PM with an aerodynamic diameter of ≤10 μm) risk estimates in locations with higher local unemployment rates (the only SEP indicator available across all cities) [31] . In contrast, a case-crossover study of ozone (O 3 ) on mortality in eastern Massachusetts examined almost 160,000 non-accidental deaths, finding no effect modification by individual SEP [32] .
We found only one study of SEP modification of air pollution effects on cardiovascular outcomes, a cross-sectional analysis reporting weak modification in the counter-hypothesized direction, with the strongest associations between PM 2.5 (PM with an aerodynamic diameter of ≤2.5 μm) and blood pressure among participants in the highest-SEP decile in the Multi-Ethnic Study of Atherosclerosis (MESA) [34•] .
For respiratory disease, we identified two studies. A timeseries study of PM 2.5 and childhood respiratory hospitalizations in Southern California reported stronger effects in lower-SEP zip codes, as measured by the composite Townsend Index [35] . The authors hypothesized that effects may be due to spatial variation in the chemical composition of fine particles, or to unmeasured exposures associated with crowding, unemployment, or commuting patterns. A prospective cohort study, also of Southern California children, observed stronger effects of traffic-related air pollution and in utero tobacco smoke on asthma etiology among children of lower-SEP (education) parents [40] . In addition, a health impact assessment in New York City (NYC) estimated rates of PM 2.5 -attributable asthma emergency department visits that were 4.5 times higher in lower-SEP (higher-poverty) neighborhoods [36•] .
We found only one study testing interactive effects on birth outcomes; in North Carolina, Gray et al. found independent effects of maternal and census-tract SEP (household income), PM 2.5 , and O 3 on term birth weight and preterm birth, but no significant interaction [37] .
We identified one epidemiological study of SEP modification of Pb effects on health. In a cross-sectional analysis of National Health and Nutrition Examination Survey (NHANES) data; Hicken et al. found that blood Pb was positively associated with blood pressure (BP) only among black (vs. white) adults, with stronger associations among lower-income black participants [38] . The current search did not identify any studies on Pb and SEP interplay with childhood neurodevelopment, or with cardiovascular disease in adults; however, other studies may well have examined these effects without reporting these in the main findings, and hence were not identifiable in our search.
In sum, of the six studies reporting empirical data on air pollution effects, only three (two time series and one prospective cohort) suggest greater susceptibility with lower SEP, although these studies varied greatly in populations (adults and children) and SEP metrics (education, income, and composite index), limiting comparability. Further methodological challenges in making comparisons across studies include limited information on the relative spatial and temporal distributions in the exposures of interest and key confounders. Additional variation may derive from model structures, confounding adjustments, definition of the study area, scale of aggregation, and other methodological considerations. Nevertheless, studies to date do suggest that SEP may influence susceptibility to air pollution, and possibly to other types of chemical exposures; further efforts to better understand these interactions, and to account for them clinically, are warranted.
Epidemiologic Evidence for Effect Modification by Stress/Stressors
We identified nine recent US studies examining effect modification by psychosocial stressors-including exposure to violence and racism-or perceived stress measures. Most are epidemiological studies of urban populations, and details are summarized in Table 2 . Importantly, many stressors leading to differential susceptibility may not be associated with SEP; the studies reviewed here aim to examine whether chronic stress (regardless of its source) increases susceptibility to chemical exposures.
We found three recent prospective cohort studies on stressrelated modification of air pollution effects on respiratory outcomes in children. Chiu et al. reported slightly (non- significantly) stronger associations between black carbon (BC) and childhood wheeze among children of mothers reporting higher pre-natal exposures to community violence [39] . In a prospective cohort, Shankardass et al. reported stronger effects of traffic-related pollution and in utero tobacco smoke on asthma onset among children of parents reporting higher perceived stress [40] . Islam et al. found greater impacts of residential and school nitrogen oxides concentrations on forced expiratory volume in 1 s and forced vital capacity among children of parents reporting higher perceived stress, after adjusting for household SEP [41] . We found one cross-sectional study of cardiovascular outcomes; Hicken et al. explored self-reported chronic stress, depression, and anxiety as potential effect modifiers of associations between PM 2.5 effects on blood pressure among adults in six US cities, but found no significant effect modification [34•] .
Finally, one cross-sectional study considered interaction effects on epigenetic processes; Madrigano et al. reported that PM and BC exposures were associated with DNA methylation reductions three to four times larger among older men reporting greater stress (as measured by lower optimism or higher anxiety) in the Normative Aging Study [42] .
Three recent studies explore stress-related modification of Pb effects on health in adult populations. A cross-sectional analysis of NHANES data by Zota et al. reported that higher allostatic load (used as a proxy measure of stress, and assessed using a 7-item composite of indicators of cardiometabolic dysregulation) heightened associations between blood Pb and blood pressure [23] . In a longitudinal cohort of older adults in Baltimore, Maryland, Glass et al. found heightened effects of bone Pb on cognitive function with greater exposures to self-identified neighborhood psychosocial stressors [43] . Finally, Hicken et al. found that, among NHANES participants with depressive symptoms, there were stronger associations between blood Pb and blood pressure among black than white participants [44] .
In sum, most identified studies (seven of nine) observe increased susceptibility with chronic stress, measured in various ways. Altered susceptibility was evident in both adult and child populations, across a range of outcomes (respiratory and cardiovascular outcomes, cognitive function, and DNA methylation), and study designs. Further, it is notable that findings were generally maintained even in studies that also accounted for SEP. Such findings do suggest that the interplay between chronic stress and chemical exposures may be an important combination of exposures to consider for effective intervention and prevention strategies.
Toxicologic Evidence for Effect Modification by Stress/Stressors
There is a small literature on animal studies of stress-related susceptibility to air pollution mixtures; the two studies we identified reported significant effects in the hypothesized direction (Table 3) . Clougherty et al. found an elevated impact of concentrated ambient PM 2.5 on respiratory function in rats exposed to a strong chronic stressor (social dominance paradigm) [45•] . Bolton et al. also observed stronger effects of diesel exhaust particles on anxiety symptoms among mouse pups exposed to maternal restraint stress; among male pups in that study, combined exposures also increased inflammatory cytokines in the brain [e.g., higher interleukin (IL)-1β, lower IL-10] [46] .
A somewhat richer and more nuanced toxicologic literature has examined chronic stress as a modifier of Pb impacts on the brain and behavior. Rossi-George et al. reported poorer response times among rats exposed to both Pb and restraint stress, and results were comparable with stress induced either pre-natally (maternal) or post-natally [47] . Cory-Slechta et al. further found that positive behavioral experiences (food reward) may buffer some impacts of Pb and pre-natal stress on monoamines and amino acids in the offspring rat brain [49•] . Finally, counter to initial hypotheses, Cory-Slechta et al. found some cognitive enhancements among male rats exposed to pre-natal restraint stress, which were more strongly exacerbated by post-natal than maternal Pb [48] .
Evidence for Common Patterning Among SEP and Pollution SEP and pollution exposures are commonly confounded. Thus, in order to evaluate effectively the portion of SEP effects that may be due to stress-and then to quantify stress-related pollution susceptibility-an important first step is disentangling effects of exposure to SEP from the effects of pollution. Eight recent studies have examined co-patterning, and, as expected, given the vast literature on environmental justice, most found that pollution and low SEP follow similar spatial patterning. For example, in a nationwide study, Clark et al. reported higher modeled nitrogen dioxide (NO 2 ) exposures for the majority of non-white, higher poverty, and lower average education communities, except American Indian communities [50] . In the same study, non-whites had higher NO 2 exposures, even after income adjustment. Brochu et al. also found significantly higher model-based PM 2.5 and PM 10 in lower-SEP census tracts across the Northeastern USA [51] .
Hajat et al. found inverse associations with air pollution for both individual and census-tract SEP among MESA participants in all but two cities: NYC and Chicago, Illinois [52] . Gray et al. found higher spatial estimates of PM 2.5 in lower-SEP and higher-minority census tracts in North Carolina, with opposite results for the secondary pollutant O 3 [53] . A spatial analysis in Charleston, South Carolina, found higher densities of toxic release inventory (TRI) facilities in census tracts with higher percentages of non-white or poor residents [54] . Su et al. found higher NO 2 and PM 2.5 in the parks of lower-SEP and higher-minority neighborhoods of Los Angeles, California, than in other parks [55] .
Fewer studies have documented differential indoor exposures. Storm et al. found strong SEP disparities in perchloroethelyne (PERC) exposures near dry cleaning operations in NYC; PERC exposures were five times higher in minority than in non-minority homes in their dataset, and six times higher in lower-than in higher-income homes [56] . Adamkiewicz et al. reported higher indoor concentrations of NO 2 and PM 2.5 in lower-SEP households in Boston, Massachusetts [57] .
With some exceptions, studies generally document higher chemical exposures in lower-income communities. This cooccurrence of socioeconomic disadvantage and pollutant exposures points to the risk for confounding in epidemiological studies, and the potential for synergistic effects. As such, further development of refined methods for quantifying socioeconomic variation in exposures, and for accurately accounting for differential impacts of exposure in epidemiologic investigations, are needed.
Evidence for Common Patterning Among Chronic Stress/Stressors and Pollution
Social stressors and pollutant exposures are often correlated in space and time, leading to potential confounding in epidemiology. For example, traffic-related air pollution may be inherently confounded by traffic-related noise, an association examined in two recent studies. A roadside study in two cities examined decay curves in traffic-related pollution and noise, documenting elevations in both along major roadways [58] . Another study conducted a spatial analysis of noise and air pollution in NYC, and reported positive correlations between integrated noise and traffic-related pollutants (BC, nitric oxide, NO 2 ), with weaker correlations for intermittent noise or pollutants less correlated with traffic (PM 2.5 ) [59] . Notably, we identified no published studies to date on correlations between pollution and individual-level perceived stress measures. To this end, there is a need to document spatial patterning between multiple pollutants and measures of individuallevel perceived stress, in a range of settings.
Future Directions and Outstanding Issues
Relative Temporality Between Stressors and Pollution Exposures
In our prior review, we underscored the importance of measuring psychosocial stressor and pollution exposures in a manner temporally appropriate to the hypothesized disease processes. Clearly, in most cases, a stressor needs to occur prior to, or concurrent with, a chemical exposure to plausibly modify its biologic effect. This timecourse also needs to reflect the etiologic window for the disease in question; a CAPs concentrated ambient particles, DEPs diesel exhaust particles, Pb lead long-latency cancer, for example, is unlikely to arise from any combination of exposures in only the preceding months. This issue is further complicated as both stress and pollution are often examined as chronic exposures, accumulating over months or years, although both exposures are actually highly variable over time.
As such, stress exposure assessments need be designed to accurately capture the hypothesized window of vulnerability, or observed effect modification may be dampened or even reversed. For example, in one study of stress-pollution interactions, we required stressor events to occur prior to NO 2 exposures, then tested seven different exposure windows, finding the strongest effects for NO 2 during the year of diagnosis. The analysis of these relative windows supported a conceptual model wherein chronic stress 'primed' the system towards susceptibility, and NO 2 'triggered' asthma onset [25] .
Pollution as a Chronic Stressor
Perceived pollution exposure (and the concern for consequent health effects) may itself be a chronic psychological stressor, complicating relationships among and between psychological stressors and pollution exposures. For example, some recent studies have examined impacts of pollution (or perceived pollution exposures) on psychological stress. Horton et al. documented that malodor and air pollution exposures near an industrial hog operation in eastern North Carolina predicted stress and negative mood [60] . In another study, exposures near a petrochemical plant in Texas predicted subjective exposures (concern about health risk from the plant) and biological markers of psychological stress (e.g., IL-6, viral reactivation) [61] . Couch and Coles described a number of case studies linking "chronic technological disasters" (environmental contamination) with distress in communities, with the aim of identifying best practices for risk assessment and decision making [62] . Finally, there is emerging evidence that rapidly expanding industrial operations (e.g., unconventional natural gas drilling) may produce significant distress in communities [63] .
Another challenging aspect of this research is that chemical exposures may also cause physiologic alterations in stress response systems, further complicating directionality in these interactions. For example, Huijbregts et al. documented elevated stress responsivity (salivary cortisol and alpha-amylase) among children exposed to pre-natal tobacco smoke [64] . Fortin et al. found dampened cortisol response (adrenal hyporesponsiveness) among participants with higher blood Pb associated with occupational exposures [65] . Bolton et al. found heightened anxiety symptoms in mice exposed to both maternal stress and diesel exhaust particles [46] . Ultimately, more sophisticated models need be developed to account for these complex effects.
'Validating' Chronic Stressor Indicators A tremendous challenge in research on the health effects of SEP is that SEP indicates a broad range of lifecourse (and prenatal) social and physical exposures. For investigators principally interested in the effects of chronic stress but, due to logistical constraints, need to use SEP variables as proxy indicators, there are several possible approaches to verifying that the selected indicator is interpretable. First, researchers can establish that the selected SEP indicators are appropriate to local patterns of socioeconomic deprivation, which has been linked with chronic stress. For example, in regions where food security or water scarcity are critical issues, indicators of such resource access may be more germane than income or education per se. Composite SEP metrics (e.g., Townsend Index) incorporate aspects of wealth and assets such as vehicle ownership; however, the meaning of these assets is not universal, so the salience of these components should be validated for the study population, or alternative components developed. Clearly, there are trade-offs between using locally specific indicators versus global indicators that enable broad comparisons across communities.
Ultimately, to understand both stress-related susceptibility and the extent to which SEP effects on susceptibility may be due to psychosocial stress, several approaches are needed. First, investigators need to state clearly when SEP indicators are hypothesized to proxy for stress-related susceptibility. Second, if investigators are specifically interested in stressrelated susceptibility, we urge greater attention to capturing the more specific 'stressor indicators' which commonly track with, or result from, SEP. We have been approaching this issue using Geographic Information Systems (GIS)-based indicators of SEP and social stressors throughout NYC. First, we aimed to establish which publicly available stressor indicators (e.g., crime, poverty rates) local residents perceive as relevant, via city-wide focus groups wherein residents identified key community stressors [66] . Second, we are using the information from focus groups to guide selection of GIS stressor indicators for further consideration, and to shape a city-wide survey to assess relationships between GIS-based stressor indicators and individual perceived stress. With this work, we aim to select, empirically, those GIS indicators that are reasonable proxies for individual-level chronic stress experience.
As noted previously, there is growing interest in stress biomarkers, though great care is needed to ensure that selected biomarkers accurately capture stress per se, rather than downstream disease risk, which may be impacted by multiple (possibly correlated) exposures. Accordingly, stress biomarkers may not be the ideal validation metric for psychological stress in some circumstances, especially as the range of plausible biological mechanisms impacted by stress, and thus potentially facilitating synergistic effects, is broad, and may vary by outcome. Air pollution studies, particularly in relation to respiratory illness, often cite inflammatory pathways, while studies on cardiovascular risk often cite endocrine and metabolic pathways. Synergistic effects on the brain have been hypothesized via systemic inflammation, vascular degeneration, and alterations in blood-brain barrier permeability [28] .
Methods for Statistical and Spatial Analysis of Multiple Exposures
It is beyond the scope of this review to detail spatial statistical methods for social-environmental epidemiology, but we briefly note here two classes of spatial methods germane to complex patterning among exposures.
First, multi-level (ML) structures enable a better understanding of contextual exposure effects, and help to disentangle contextual and compositional effects [67] . However, although ML models account for nesting of individuals within areas-partitioning variance explained by individual-and group-level factors-they generally assume that areas are independent (unless covariance structures are specified), which is rarely the case across urban communities. Further, ML models do not necessarily capture continuous exposure variation (exposures are often represented as a single discrete value varying only between areas). In contrast, spatially informed regressions [e.g., simultaneous autoregressive (SAR) models, conditional autoregressive (CAR) models] allow researchers to specify hypothesized spatial dependence (autocorrelation), improving accuracy in models including spatially varying covariates or outcomes, and explicitly accounting for 'spill-over' effects between imperfectly delineated neighborhoods [68] . Thus, further development of statistical methods combining the strengths of both approaches would be of great utility.
Likewise, GIS-based tools and methods for the examination of multiple exposures in tandem are developing rapidly, for epidemiological and risk assessment purposes. For example, the US Environmental Protection Agency (EPA) has introduced GIS-based systems such as C-FERST (Community-Focused Exposure and Risk Screening Tool) to assist communities in the identification and assessment of multiple risks [69] . We note the need for attention to the structure and limitations of spatial data, often pre-aggregated to administrative units (e.g., census tract, police precinct), potentially corresponding poorly to lived neighborhood spaces [70] . Because of this concern, in our own work in NYC, we have developed and validated an online mapping interface allowing survey respondents to 'draw' perceived neighborhood boundaries, to establish whether the spatial units of aggregation in GIS-based data reflect meaningful neighborhood units [71] . We suspect that a broader effort to report whether publicly available data holds resonance to residents' lived experience, as assessed in communities across the country, would be valuable and could be used to inform a myriad of research questions, not just those on chemical and non-chemical exposures.
Implications for Cumulative Risk Assessment
Recent reviews and case studies have called for greater attention to, and improved methods for, the integration of nonchemical stressors into CRA [72] [73] [74] . Interest has been driven by environmental justice concerns of heightened chemical exposures among lower-SEP populations [75, 76] , and the EPA authority to protect susceptible populations and improve population health [77] . Some reviews have proposed screening methods incorporating SEP indicators and environmental factors [78] . Accordingly, a range of social indicators have been proposed for CRA, and some reviews have clearly distinguished concepts and measures of inequity and inequality [79] . A subset of these reviews have specifically addressed stress-related susceptibility in CRA [80] [81] [82] [83] , or proposed methods for quantifying and disentangling stress from other components of SEP.
We suggest that elucidating the proportion of SEP-related susceptibility attributable to chronic stress is an important step that will provide greater insight into the interplay between chemical and non-chemical exposures, and their independent and synergistic effects on health. In fact, we propose that including SEP in CRAs without a clear causal hypothesis on which components of SEP are driving effects may obscure sources of susceptibility across populations. CRA is an intentionally broad structure, enabling applicability to a wide range of exposures and contexts. However, the use of non-specific SEP markers does not add clarity or accuracy; thus, we urge the identification of pathway-specific indicators appropriate to-and ideally validated within-communities of interest. For example, if a CRA posits stress as a key pathway, then indicators of violent crime-if strongly associated with perceived safety or hypervigilence-may prove a better indicator of susceptibility than SEP. If a CRA assumes that diet or healthcare access mediates SEP-related susceptibility, we similarly urge risk assessors to use the most specific indicator available-validating it wherever possible against individual level reports-and consider explicitly evaluating multicollinearity of SEP and stress-related factors, if these dilute the interpretability of more specific indicators.
Conclusions
To date, there is reasonable epidemiologic evidence that SEP increases susceptibility to environmental pollution. There is less accumulated evidence (indeed, many fewer studies) examining the role of psychosocial stress in mediating these effects. The relatively small toxicologic literature on chronic stress, however, supports the plausibility of psychosocial pathways as key mediators of pollution susceptibility.
SEP, however, remains a complex mix of social and environmental exposures accumulating over the lifecourse, and we suggest that epidemiology and risk assessment would benefit from efforts to more clearly identify the pathways through which SEP impacts health and susceptibility, and from attempts to quantify that portion of SEP-related susceptibility that is attributable to chronic stress. Accordingly, there is a need for continued development and application of analytic methods aimed at disentangling spatially confounded social and environmental exposures, and further refinement of toxicologic methods which enable well-controlled investigations of multiple exposures. With continued efforts to quantify the impacts of physical exposures within a social context, we may improve CRA and develop more effective environmental health policy.
Fundamental questions remain about the mechanisms through which SEP impacts upon health and susceptibility, and the extent of differential susceptibility to pollution by chronic stress remains undetermined. Ultimately, however, a richer understanding of these multiplicative effects on health opens new possibilities for interventions-including the possibility that social interventions may ameliorate environmental health impacts, and vice versa-through a more detailed conceptualization of social-physical environments.
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